. Aging, resistance training, and motor unit discharge behavior. 
Introduction
Numerous authors have concluded that a neural basis is involved in the expression of muscular strength. One of the first demonstrations that muscular strength can increase quite rapidly was reported by Forward and her co-workers in the 1960s (Hood and Forward, 1965; Schenck and Forward, 1965) . By performing as few as two isometric contractions 1 day a week for 6 weeks, these researchers reported increases in knee extensor strength of as much as 40%. Similar results, though somewhat smaller in magnitude, were also reported by Kroll (1963) . These quick increases in strength occur too rapidly to be attributed to muscle hypertrophy or other muscle related changes.
Other researchers have noted the prominence of neural factors in the expression of muscular strength (cf. Hakkinen, 1994) . Akima et al. (1999) noted increases in knee extensor strength with no change in muscle cross-sectional area, fiber type, fiber area, or phosphofructokinase activity after 2 weeks of knee extensor resistance exercise training. Similar increases in isometric strength in the absence of increases in muscle size have also been reported (Ikai and Fukunaga, 1970; Moritani and deVries, 1980) . More recently, Ferri et al. (2003) noted, "Hence, hypertrophy cannot alone justify the increase in torque, and other factors, such as… an increased neural drive… may have contributed to the increments in strength" (p. 69). In this review, possible resistance exercise adaptations in motor unit discharge behavior will be discussed, including mechanisms that may be unique to older adults. The potential involvement of neural factors such as motor unit recruitment, rate coding, doublet firing, and motor unit synchronization will be discussed.
Candidate Neural Factors

MOTOR UNIT RECRUITMENT
Motor units are recruited into action according to increasing size, a notion termed "size principle" (Henneman et al., 1965) . Thus, one possible neural factor concerns the number of motor units activated. If subjects were unable to recruit all their motor units before strength training, then the additional motor unit recruitment during the early phase of training might account for appreciable gains in muscular strength. Under normal conditions, however, subjects are able to activate over 95% of their muscular strength, as demonstrated by the twitch interpolation technique (Belanger and McComas, 1981; Gandevia et al., 1998) . In this procedure a person performs a maximal contraction while one or more supramaximal stimuli are delivered to the muscle to stimulate any motor units not already activated by the voluntary contraction. The magnitude of muscular activation increases with resistance exercise training (Knight and Kamen, 2001) . However, these improvements in muscular activation were shown to be correlated with increases in motor unit discharge rate. Thus it seems unlikely that increments in muscular strength could be attributed to gains in motor unit recruitment.
RATE CODING
An alternative means of increasing muscular force is to increase the firing frequency of those motor units already active. While large muscles tend to use re-cruitment to increase muscular force, larger firing rates are possible in smaller muscles and small muscles tend to use rate coding to achieve larger muscular forces. DOUBLET FIRING Sometimes a motor unit will fire twice with a very short interval between pulses. These doublets (Van Cutsem et al., 1998) are particularly prevalent at the onset of muscular contraction, suggesting that doublets are particularly useful for achieving high forces or high velocities of muscle contraction (Garland and Griffin, 1999) . Higher forces can be achieved by doublet firing than could be attained by the mere algebraic summation of two motor unit twitch forces (Clamann and Schelhorn, 1988) .
MOTOR UNIT SYNCHRONIZATION
Pairs of motor units tend to fire simultaneously or near-simultaneously more often than one would expect by chance alone (Kamen and Roy, 2000) . This phenomenon is termed synchronization and has been observed in nearly every muscle that has been examined. Motor unit synchronization is thought to be greater in strengthtrained individuals, and the issue of synchronization will be discussed below.
Thus, motor unit recruitment, rate coding, and changes in the pattern of motor unit activation comprise important means of grading muscular force. These are summarized in Figure 1 . 
Methods of Grading Muscular Force
Technical Issues in Recording Human Motor Unit Discharge Activity
Gross muscle EMG activity is typically recorded with surface electrodes. However, the interference pattern produced by the near-simultaneous activity of many motor units in the muscle makes it difficult to record activity from individual motor units with these electrodes. Consequently, other techniques have been developed to study the influence of resistance exercise training on human motor unit activity.
One technique used for recording individual motor units at high contraction strength involves the construction of stiff microelectrodes made of tungsten or nichrome wire. This procedure was popularized by Bigland-Ritchie and her colleagues (Bigland-Ritchie et al., 1983; and has since been implemented by other researchers Duchateau and Hainaut, 1990; Grande and Cafarelli, 2003) . Multi-wire electrodes have also been used. A quadrifilar needle electrode (Figure 2) originally described by LeFever and De Luca (1982) provides a multi-channel view of motor unit activity in the vicinity of the electrode and has been used by many researchers to study the activity of groups of motor units at high forces (Kamen et al., 1995; Masakado, 1994; Sogaard, 1995) .
Adaptations to Motor Unit Discharge Rate
Motor unit discharge rate has been one of the primary variables used to assess changes in motor unit discharge behavior with exercise training and/or aging. Motor unit firing rate is higher in young adults than in older adults Howard et al., 1988; Kamen et al., 1995) . One study has shown that older adults who are actively engaged in resistance exercise training for long periods of time exhibit higher motor unit discharge rates in the rectus femoris muscle than older individuals with relatively little resistance training experience who are nevertheless physically active (Leong et al., 1999) .
There has been some attempt to determine whether exercise training actually produces an increase in discharge rate. Patten et al. (2001) assessed motor unit discharge rates in the abductor digiti minimi (ADM) muscle in both young and older adults. These subjects then underwent 6 weeks of exercise training using the fifth finger abductor. This abductor is unlikely to produce maximal forces on a daily basis and thus it should be a good candidate for exercise training. Resistance training was implemented after two baseline sessions using theraband ™ tubing. As expected from the earlier studies cited above, notable increases in maximal ADM force were observed 48 hours after the initial measurement session. However, maximal motor unit discharge rate, measured in both left and right ADM muscles, was higher during the second test session. Thus it seems that part of the neural factors involved in rapid increases in muscular strength with training is expressed as increases in motor unit discharge rate.
Maximal force continued to increase after 2 and 6 weeks of resistance training; however, maximal discharge rates actually decreased such that those measured during maximal effort at the end of 6 weeks of training were similar to those measured on the first test day. Moreover, similar declines in motor unit discharge rate were observed in the contralateral ADM muscle, which did not undergo exercise training. So it seems that whatever neural mechanism underlies these adaptations in motor unit discharge rate during the earliest measurement of maximal force is moderated as resistance training ensues.
Larger muscles such as the vastus lateralis are also amenable to rapid increases in motor unit discharge rate. Discharge rates in the vastus lateralis were measured while subjects underwent 6 weeks of resistance exercise training in a large muscle group, the knee extensors (Kamen and Knight, 2004) . To determine whether rapid increases in muscular force and motor unit discharge rate occurred, these variables were measured at two test sessions 1 week apart. The results again showed that a brief interval between baseline measurements was sufficient to produce an increase in both muscular strength and motor unit discharge rate ( Figure  3) . In fact, the increases in motor unit discharge rate were correlated with the increases in muscular strength, providing further evidence that rapid, early gains in muscular strength are mediated by whatever mechanism is producing the increase in motor unit firing rate. During the 6-week exercise interval, small increases in motor unit firing rate were observed, while knee extensor strength increased about 35%.
The results of these two strength training studies suggest that early increases in muscular strength are produced by rapid increases in motor unit discharge rate. However, the importance of neural drive, as measured by motor unit discharge rate, seems to lessen considerably after 6 weeks of exercise training. Rich and Cafarelli (2000) , for example, found no change in vastus lateralis discharge rate at 50% of maximal effort after 8 weeks of resistance exercise training.
The notion that motor unit discharge rate is affected by the long-term history of activation is supported by other studies. For example, muscle disuse causes a decrease in motor unit discharge rate during maximal voluntary effort (Duchateau and Hainaut, 1987) .
The aging process also seems to be a factor affecting motor unit discharge rates, particularly at higher force levels. Kamen et al. (1995) measured motor unit discharge rates in young and older adults in the first dorsal interosseous (FDI) muscle at both 50% and 100% MVC. No difference between the two groups was observed at 50% MVC. However, at maximal effort the young adults exhibited discharge rates that were 40% greater than those observed in the older adults. Similar observations have been made in the dorsiflexors (Patten and Kamen, 2000) . Roos et al. (1999) reported no between-groups difference in vastus medialis discharge rates at various force levels. However, Soderberg et al. (1991) reported a trend for different firing rates in young and older adults at 10% MVC. Connelly et al. (1999) measured firing rates in the tibialis anterior during dorsiflexion and found lower firing rates in older adults than in young adults. Milner-Brown et al. (1974) were among the first to suggest that strength training might be an effective means of increasing the extent of motor unit synchronization. Their use of a surface EMG technique to measure motor unit synchronization showed an increased frequency of synchronous activity in individuals involved in manual labor whose jobs require large, brief forces to be exerted, such as construction workers and bus drivers. Milner-Brown et al. (1975) later showed greater synchronization in weight lifters than in control subjects. They also implemented a resistance exercise training protocol to observe the influence of training on motor (Kamen and Knight, 2004) . The increases in motor unit firing rate were accompanied by increases in muscular force in both young (29%) and older (36%) adults.
Adaptations in Motor Unit Synchronization
unit synchronization, and this study too seemed to indicate that motor unit synchronization increases with exercise training.
However, the validity of the surface EMG technique to study motor unit synchronization has since been refuted (Yue et al., 1995) . In a preliminary investigation, Kamen et al. (unpublished observations) studied the influences of resistance training on motor unit synchronization in the abductor digiti minimi muscle. Using recordings from groups of motor units, they found no evidence of augmented motor unit synchronization during exercise training. Thus there is still little evidence that synchronization can increase with training. The frequency of synchronization is similar in older and young adults (Kamen and Roy, 2000) . DOUBLET FIRING As indicated above, the pattern of motor unit activation can be just as important as the number of motor units activated or the frequency of activation in producing increases in muscular strength. A single extra spike or a missed spike in a train of motor unit potentials can have a dramatic effect in either increasing or decreasing muscular force (Clamann and Schelhorn, 1988) . These "doublets," marked by a short interspike interval in a motor unit train, are most frequent when the rate of force development or the speed of contraction is high. One possible reason for the initial doublet firing is to produce a rapid increase in muscular force.
Adaptations in Doublet Discharge Pattern
In an experiment designed to determine whether resistance training increases the frequency of doublet firing, Van Cutsem et al. (1998) recruited 5 subjects who underwent 12 weeks of dynamic dorsiflexion resistance training 5 days a week. The training involved fast dorsiflexion contractions against a 30-40% MVC load. Their recordings from the tibialis anterior displayed clear examples of short interspike intervals (doublets). Moreover, the frequency of doublet firing increased following exercise training. It should be emphasized that the training involved rapid dorsiflexion contractions, which may elicit a response different from conventional resistance training. Nevertheless, it does seem possible that adaptations in doublet firing might occur to produce rapid gains in muscular strength.
Other Neuromuscular Adaptations to Resistance Training
Other mechanisms have been suggested to explain the rapid increases in strength observed following the onset of training. In particular, it is possible that decreases in antagonist activity would result in a greater expression of muscular strength. Antagonist EMG activity decreases during motor learning (Kamon and Gormley, 1968) , and this adds to the evidence that reduced antagonist activity might be providing an increase in muscular strength. Reduced antagonist activation also seems to be a factor in improving the peak torque produced during velocity training (Pousson et al., 1999) . Utilizing the knee extensors in a resistance training study, Carolan and Cafarelli (1992) observed a rapid decrease in antagonist EMG activity in the control group not involved in strength training. It should be noted that the decline in coactivation of the antagonist muscle occurred only during the first week of training while strength continued to increase. Nevertheless, it does seem possible that repeated activation of the agonists while assessing MVC may result in less antagonist activity.
SPINAL MECHANISMS
Motoneuron excitability is frequently measured using the Hoffman (H) reflex, which measures the amplitude of the evoked response produced by stimulating large diameter afferent nerve fibers (Schieppati, 1987) . Studies that purport to measure motoneuron excitability should be considered in the context of recent findings which suggest that the H-reflex may not be a true measure of motoneuron excitability (cf. Zehr, 2002) , as presynaptic inhibition may influence the Ia -α -motoneuron synapse. Thus, what is frequently interpreted as a change in motoneuron excitability may actually be a change in presynaptic inhibition.
Efforts to determine whether training produces an enhancement in H-reflexes have produced equivocal results. Learning experiments utilizing operant conditioning demonstrate that the excitability of the spinal stretch reflex can be either enhanced or diminished, depending on the command given to the subject (Carp and Wolpaw, 1995; Trimble and Koceja, 2001; Wolf et al., 1995) . Rochcongar et al. (1979) found that H-reflexes were lower in athletes trained for anaerobic activities than in those trained for aerobic sports. H-reflexes are also lower in dancers than in other individuals (Koceja et al., 1991) . In a 14-week training study, Aagaard et al. (2002) combined H-reflex administration with V-wave responses. In recognizing that the H-reflex can be affected by presynaptic inhibition, they observed improvements in both the V-wave and the H-reflex and concluded that training adaptations may be produced at either a spinal or a supraspinal site.
Recent studies suggest that recurrent inhibition mediated by Renshaw cells may be less in endurance-trained athletes than in power-trained athletes (Earles et al., 2002) . However, there is no evidence that strength training reduces recurrent inhibition.
Summary
The scientific literature concerning mechanisms underlying the strength increases through resistance training is marked largely by references to the role of muscle factors. That muscle mass is important for muscular strength is indisputable. However, there is increasing evidence that neural factors play an important role in muscle strength gains. The role of these neural factors is particularly strong during the early phase of strength training. These neural factors may include changes in motor unit recruitment and rate coding as well as changes in the pattern of motor unit activation. Aged adults are also sensitive to changes in the neural factors that affect muscular strength. The mechanisms underlying these changes may include intrinsic motoneuron characteristics, changes in spinal synapses, or descending influences on the motoneuron. While some advances have been made in identifying these mechanisms, additional exploration will be needed to identify specific neural factors affecting the expression of muscular strength.
